Imitation switch (ISWI) proteins are catalytic subunits of chromatin remodeling complexes that alter nucleosome positioning by hydrolyzing ATP to regulate access to DNA. In mice, there are two paralogs, SNF2-homolog (SNF2H) and SNF2-like (SNF2L), which participate in different complexes and have contrasting patterns of expression. Here we investigate the role of SNF2L in ovaries by characterizing a mouse bearing an inactivating deletion of exon 6 that disrupts the ATPase domain. Snf2l mutant mice produce significantly fewer eggs than control mice when superovulated. Gonadotropin stimulation leads to a significant deficit in secondary follicles and an increase in abnormal antral follicles. Mutant females also failed to induce fibrinogen-like 2 (Fgl2) in response to human chorionic gonadotropin (hCG) stimulation, while overexpression of SNF2L was sufficient to drive its expression in granulosa cells. SNF2L was also shown to directly interact with the nuclear receptor coactivator flightless I (FLI-I) as shown by immunoprecipitation. These results begin to establish a role for SNF2L in the precise coordination of gene expression in granulosa cells during folliculogenesis and its broader implications in fertility.
INTRODUCTION
Regulation of chromatin structure by nucleosome positioning underlies many critical cellular processes such as replication, silencing, and transcriptional activation. There exist multiple families of evolutionarily conserved chromatin remodeling complexes, based on the identity of their ATPdependent catalytic subunits such as MI2/CHD, INO80/SWR1, SWI/SNF, and ISWI (imitation switch) [1] . The ISWI family is represented by two homologs in mammals, SNF2H and SNF2L (also known as SMARCA5 and SMARCA1, respectively), which display contrasting expression patterns in mice: SNF2H is ubiquitously expressed, while SNF2L shows abundant expression in a restricted number of cell types [2] . Snf2h knockout embryos die during the peri-implantation stage, demonstrating that SNF2H is required for the proliferation of both the inner cell mass and the trophectoderm [3] . In contrast, SNF2L expression appears to be restricted to differentiated cell types, particularly in the brain and reproductive organs [2] . In the brain, SNF2L regulates the expression of engrailed 1 and 2 and promotes neurite outgrowth as part of the nucleosome remodeling factor (NURF) complex [4] . Mice bearing a deletion of the Snf2l exon 6 (Ex6DEL), disrupting the ATPase domain, display increased progenitor cell expansion and delayed differentiation of neurons in the forebrain along with a dysregulation of Foxg1 [5] .
In the ovary, SNF2L is expressed in granulosa cells, and its expression coincides with the maturation of follicles and their differentiation into luteal cells [6] ; however, little is known about the role of SNF2L in folliculogenesis or the consequences of SNF2L loss of function in the ovary. Folliculogenesis is a complex process that requires integration of many hormone signals and the precise coordination of gene expression to regulate the growth and maturation of follicles, from primordial follicle all the way to ovulation and corpus luteum (CL) formation, which may rely on SNF2H and/or SNF2L function [7] . This study examined the role played by SNF2L in this process by characterizing the reproductive phenotype of Snf2l Ex6DEL transgenic mutant mice.
MATERIALS AND METHODS

Transgenic Mouse Lines
Generation and validation of Snf2l Ex6DEL transgenic mice have been previously described [5] . Briefly, the mice are a hybrid strain resulting from the cross between the ubiquitously expressing Gata-1 Cre transgenic line in a CD-1 background, provided by Dr. S. Orkin (Howard Hughes Medical Institute, Chevy Chase, MD) and mice with loxP-flanked Snf2l exon 6 in a 129Sv background. The resulting Ex6DEL line was bred to the germline and maintained independently of CRE on a 129SV background. All animal studies were approved by the University of Ottawa Animal Care Committee, in accordance with the Canadian Council on Animal Care's Guidelines for the Care and Use of Experimental Animals.
In Vivo Hormone Treatments
Female mice were injected intraperitoneally (ip) at 24-26 days of age with 5 IU of equine chorionic gonadotropin (eCG; Folligon; Intervet, Boxmeer, The Netherlands) to stimulate follicle growth. After 48 h, the mice received a single ip injection of 5 IU of human chorionic gonadotropin (hCG; Sigma, St. Louis, MO) to induce ovulation and luteinization. For some experiments, females of 22-25 days of age received a single ip injection of 5 IU of eCG or 0.1 mg/day diethylstilbestrol (DES; Sigma) subcutaneously for 3 days to stimulate follicle growth. Ovaries were dissected at selected times after hormone treatments and fixed for histology or subjected to extraction of granulosa cells.
Plasmids and Transfections
Spontaneously immortalized rat granulosa cells (SIGC), generously provided by Robert Burghardt (Texas A&M University, College Station, TX) [8] , were stably transfected with a previously described [4] pcDNA3 vector containing a FLAG-tagged Snf2l or a pEGFP N1 (Clontech, Palo Alto, CA) control plasmid, using Lipofectamine (Invitrogen, Rockville, MD) according to the manufacturer's instructions and selected with G418 (400 lg/ml; Life Technologies).
Cell Culture
Granulosa cells were mechanically isolated from ovaries of mice treated with either eCG for 48 h or with DES for 3 days as indicated. Briefly, granulosa cells were harvested by puncturing individual follicles using a 25-gauge needle and applying light pressure with tweezers. Granulosa cells were grown at a density of 1 3 10 6 cells/ml on 60-mm plates in Dulbecco modified Eagle medium/F12 medium (DMEM/F12) containing 2% fetal bovine serum, 10 mM 17b-estradiol (E2), and antibiotics. Cells were incubated in a humidified 95% air/5% CO 2 incubator at 378C.
Tissue Preparation and Histological Analysis
Ovaries and blood samples were collected at various time points from hormone-treated mice at necropsy. Serum samples were sent to Ligand Assay and Analysis Core Laboratory (Charlottesville, VA), which performed both E2 and progesterone (P4) radioimmunoassays (RIAs). Ovaries were fixed in 10% neutral buffered formalin overnight before being transferred to 70% ethanol and embedded in paraffin. For histological analyses, entire ovaries were sectioned throughout using 5-lm-thick sections, of which 1 of every 10 sections was stained with hematoxylin and eosin. Tissue sections were scanned (ScanScope; Aperio Technologies, Vista, CA), and images were captured using ImageScope software. For follicle counts, the methodology of Pedersen and Peters was used [9] . The total number of follicles was estimated by counting follicles (with visible oocyte nuclei) on every tenth section of a fully sectioned ovary and multiplying that number by 10. Abnormal follicle structures were also scored, even if the oocyte was degenerated, and are represented as occurrence/slide. The experiments include the ovaries of at least three independently treated mice.
Oocyte Counts
To determine the superovulation yield, ova were collected from females induced with eCG and hCG as described above. Oviducts were dissected 16-18 h after treatment with hCG and placed in DMEM, and ovulated ova were removed by opening the ampulla. To separate ova from cumulus cells, 0.3 mg/ ml hyaluronidase (Sigma-Aldrich) was added to the media. After a 5-to 10-min incubation, the ova were separated from the cumulus cells by gentle pipetting and counted. Results are from four experiments with a minimum of three mice per group superovulated simultaneously.
Assessment of Fertility
To determine litter size and frequency, homozygous Snf2l Ex6DEL females were paired with Ex6DEL males and compared to pairs of littermate Snf2l wild type (WT) female mated with Snf2l WT males. Each experiment compared four breeding pairs of each genotype. Each breeding pair consisted of mice starting at 6 wk of age and which were kept together for the duration of the experiment (5 mo). Pups were weaned before the birth of the next litter, and litter size, sex of the pups, and dates of birth were recorded.
Western Blotting
Granulosa cells retrieved from hormone-treated animals or from SIGC in culture were lysed in ProteoJET (Fermentas, Burlington, ON, Canada), containing protease inhibitors. Lysates were run on precast NuPAGE 4%-12% bis-Tris gels (Invitrogen). The primary antibody used for detection of SNF2L has been previously described [6] , while anti-FGL2 was used at 1:2500 dilution (code sc-100276; Santa Cruz Biotechnology, Santa Cruz, CA), and anti-FLI-I was used at 1:500 dilution (code ab28089; Abcam, Cambridge, UK).
Immunoprecipitation
Total protein was extracted from 1 3 10 7 SIGC-SNF2L or the parental line by using 1 ml of mammalian lysis buffer (50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 5 mM EDTA, 0.4% [v/v] NP-40, 10% [v/v] glycerol) containing a protease inhibitor cocktail (Sigma-Aldrich) and 1 mM PMSF. Cell lysates were incubated overnight at 48C with rotation, with 50 ll of anti-FLAG M2 Affinity Gel 50% gel slurry (Sigma-Aldrich) in 150 ll of mammalian lysis buffer with protease inhibitor in a final volume of 1 ml. The beads were washed briefly five times with 1 ml of ice-cold wash buffer (50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 10% [v/v] glycerol), followed by centrifugation at 500 3 g for 2 min at 48C. Immunocomplexes were eluted from the beads using 100 ll of 100 lg/ml 33 FLAG peptide (Sigma-Aldrich) in Tris-buffered saline [50 mM Tris-HCl, pH 7.5,150 mM NaCl]. The immunoprecipitation procedure was done in duplicate.
Mass Spectrometry Identification of SNF2L Binding Proteins
Samples were resolved on a NuPAGE 4-12% Bis-Tris gel (Invitrogen). The gel was fixed overnight in 50% (v/v) methanol, stained for 1 h with Bio-Safe Coomassie (Bio-Rad, Hercules, CA), and destained for 30 min in ddH 2 O. The proteins found to be differentially immunoprecipitated between the SIGC-SNF2L and the SIGC control were manually excised from the gels and sent to a mass spectrometry facility for further processing and identification (Centre Génomique du Québec, Sainte-Foy, Canada). All procedures for sample preparation, tryptic digestion, mass spectrometry, and database searches by the Centre Génomique du Québec are described in detail by Novak et al. [10] . Scaffold software (Proteome Software Inc., Portland, OR) was used to validate tandem mass spectrometry (MS/MS) analysis-based peptide and protein identification. Peptide identities were accepted if they could be established at greater than 95.0% probability as specified by the PeptideProphet algorithm [11] . Protein identities were accepted if they could be established at greater than 95.0% probability and contained at least two unique identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm [12] . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Only the most abundant proteins present in every band (i.e., containing at least 20 unique peptides) are reported. Protein no.2 was lost during tryptic digestion and was therefore not identified.
Microarray
Granulosa cells from either Snf2l WT or Ex6DEL mice treated with eCG followed by hCG were collected at 0 and 4 h post-hCG. RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Each experiment included four data points (WT-0 h, WT-4 h, Ex6DEL-0 h, Ex6DEL-4 h) using granulosa cells pooled from 5 mice for each and was repeated three times and analyzed independently by microarray analysis. The platform used was the Affymetrix Genome 430 version 2.0 chip, which includes over 39 000 transcripts, and the data were analyzed using ArrayAssist (Stratagene, La Jolla, CA). Quality control was assessed with affyPLM (R package) [13] . Signal intensities were normalized by variance stabilization with R package vsn [14] . Probe sets differentially expressed between conditions (WT and Ex6DEL) before and after hCG treatment (0 and 4 h) were determined using R linear models for microarrays (LIMMA) package, with a fold change cutoff of 2 and P value of ,0.05 [15] . Gene function was inferred using Gene Ontology (GO) terms, and GO enrichment was determined using R package GOstats [16] . Microarrays are publically accessible from the Gene Expression Omnibus (GEO) database under accession no. GSE42997.
Quantitative RT-PCR
Quantitative RT-PCR (Q-PCR) was used to validate some of the targets identified by microarray, with a primary focus on Fgl2, which was amplified with the following primers: foward, GGATGGCAAGTGTTCCAAGT, and reverse, CCATGGTCTCCATGTCACAG. Granulosa cells were extracted following treatment with eCG and hCG as described above, and mRNA was purified using the RNeasy kit (Qiagen, Valencia, CA). cDNA was prepared using superscript III First-Strand synthesis system (Invitrogen) according to the manufacturer's protocol. Relative expression was determined using the geometric mean of Rpl19 and Ppia, which was identified as the most stable and reliable endogenous control in our cells, using the GeNorm (http://medgen. PÉ PIN ET AL.
FIG. 1. Characterization of fertility of Snf2l
Ex6DEL mice as assessed by gonad mass, superovulation yield, and mating productivity. A) Gonads from female Snf2l Ex6DEL (n ¼ 8) and heterozygous (HET; n ¼ 35), WT (n ¼ 11) and male Snf2l Ex6DEL (n ¼ 24) and WT (n ¼ 21) mature mice (1 mo old) were harvested and weighed. B) Immature females (24-26 days old) from Snf2l Ex6DEL (n ¼ 9) and WT (n ¼ 9) lines were treated with 5 IU of eCG and 48 h later with 5 IU of hCG for 18 h. Ovulated eggs were retrieved from the oviduct and counted. C) Cumulative litter counts from four pairs of Ex6DEL males and females and four pairs of WT male and females over 5 mo old. Data are representative of three experiments. Results are shown as means of three or more experiments 6 SEM, and significance is inferred by one-way ANOVA with post-test or by t-test if P , 0.05 (indicated by *).
FIG. 2. Follicle counts in sections of stained ovaries from Snf2l
Ex6DEL and WT mice treated with eCG or eCG and hCG. Immature female mice (24-26 days old) from Snf2l Ex6DEL (n ¼ 3) or Snf2l WT (n ¼ 3) lines were treated with 5 IU of eCG, and ovaries were examined 48 h later (A), or were treated with 5 IU of eCG and 48 h later treated with 5 IU of hCG, and ovaries were examined 18 h after hCG stimulation (B). Ovaries were serially sectioned (5 lm) and stained, and every tenth section was examined. Follicles were counted if the nucleus of the oocyte was visible and were classified as primordial, primary, secondary, or antral. Total count was estimated by multiplying the result by 10. Results are shown as the mean of three experiments 6 SEM; and significance was inferred by t-test at P , 0.05.
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ugent.be/;jvdesomp/genorm/) algorithm [17] . Q-PCR reactions were run with a 7500 Fast RT-PCR system using SYBR green Fast reaction settings (Applied Biosystems Inc., Carlsbad, CA) using default cycling conditions.
Statistical Analyses
Figures were plotted using Prism version 4.0 software (Graphpad Software, San Diego, CA), and paired observations were analyzed by Student t-test.
Continuous variables such as gene expression by Q-PCR were compared by two-way ANOVA followed by Tukey's post hoc test. Statistical significance was inferred at a P value of ,0.05.
FIG. 3.
Abnormal follicles in sections of postovulatory ovaries. Immature female mice (24-26 days old) from the Snf2l Ex6DEL (n ¼ 3) or Snf2l WT (n ¼ 3) line were treated with 5 IU of eCG and 48 h later with 5 IU hCG and then euthanized 18 h later. Ovaries were serially sectioned (5 lm) and stained, and every tenth section was examined. Abnormal structures such as hemorrhagic follicles (A), oocytes in corpora lutea (B), unruptured antral follicles (C), and abnormal antral follicles (D) were counted. Structures were considered abnormal when antra were completely filled with blood (E), corpora lutea contained an oocyte (F), often degenerated; oocytes (G), often with a degenerate zona pellucida and expanded cumulus cells, were found in otherwise normal antral follicles that had failed to ovulate; and small atretic antral follicles (H), often with only two layers of granulosa cells and degenerated oocytes devoid of cumulus cells. A-D) Results are the means from three experiments 6 SEM, and significance was inferred by t-test at P , 0.05. (E-H) Photomicrographs were taken with a 203 objective.
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RESULTS
Snf2l Ex6DEL Mice Reproduce at a Normal Rate but Have a Decreased Response to Superovulation
To investigate the role of SNF2L in fertility, we characterized the reproductive phenotype of mice in which the gene was inactivated by deleting exon 6, which renders the protein catalytically inert [5] . Having previously reported that SNF2L expression is mostly restricted to reproductive tissues [2, 6] , it was of interest to examine both the male and female gonads in greater detail. Surprisingly, both ovaries and testes from Snf2l Ex6DEL mice had normal gross morphology and were of similar mass to those of WT mice (Fig. 1A) . Furthermore, when 4 mating pairs of Snf2l Ex6DEL mice were compared to 4 age-matched littermate WT controls, there was no overt reproductive handicap as they both produced litters of similar size and frequency over the course of 5 mo (Fig. 1B) . When allowed to mate freely for up to 1 yr or until they were no longer able to produce offspring, the cumulative average litter size of Snf2l Ex6DEL mating pairs (n ¼ 8) was 7.99 6 2.12 pups/litter while WT mating pairs (n ¼ 12) had, on average, 6.99 6 1.92 pups/litter, giving a fertility index of 0.28 6 0.11 and 0.23 6 0.11 pups/female/day, respectively. However, when stimulated with exogenous gonadotropins (superovulated), Snf2l Ex6DEL mice yielded significantly fewer eggs than control WT mice (Fig. 1C) .
Snf2l Ex6DEL Mice Treated with Exogenous Gonadotropins Have Fewer Secondary Follicles and More Abnormal Antral Follicles
To gain further insight into the cause of the superovulatory deficit of Snf2l Ex6DEL mice, follicle numbers were counted in ovarian sections of mice treated with either eCG alone for 48h or eCG for 48 h, followed by hCG for 18 h. As expected, treatment with eCG alone strongly induced folliculogenesis in WT and Ex6DEL mice; however, there was a trend for fewer secondary follicles (P ¼ 0.051), and more primary follicles (P ¼ 0.142) in the Ex6DEL mice, while numbers for primordial and antral follicles did not differ ( Fig. 2A) . To look for defects occurring in the periovulatory period, we collected ovaries 18 h after treatment with hCG, which coincides with the period just after ovulation. Interestingly, significantly fewer secondary follicles are present in the Ex6DEL mice while significantly more primary follicles were observed (Fig. 2B) . Almost no normal intact antral follicles were left at that time (Fig. 2B) ; however, there was a trend for an increased number of abnormal follicles, such as hemorrhagic follicles with, on average, 0.16/slide for WT and 0.29/slide for Ex6DEL (P ¼ 0.53), oocytes trapped in the corpus luteum with 0.13/slide for WT and 0.20/slide for Ex6DEL (P ¼ 0.25), oocytes with an expanded cumulus trapped inside the antrum with 0.10/slide for WT and 0.17/slide for Ex6DEL (P ¼ 0.28), and finally a significantly higher incidence (P ¼ 0.04) of atretic antral follicles with degenerated oocytes and underdeveloped granulosa cells in Ex6DEL with 0.29/slide compared to only 0.03 in the WT ovaries (Fig. 3) .
FIG. 4. Sex steroid levels in superovulated Snf2l
Ex6DEL mice and the effects of DES treatment. Sera samples from immature female mice (24-26 days old) treated with 5 IU of eCG and 48 h later with 5 IU of hCG were analyzed by RIA for levels of E2 (A; n ¼ 37) and P4 (B; n ¼ 16). Immature mice (n ¼ 8, 25 days old) were treated with one dose of 5 IU eCG followed by 0.1 mg of DES for 3 consecutive days, and their ovaries were fixed, serially sectioned (5 lm) and stained, and every tenth section was examined. C) Secondary follicles were counted if the nucleus of the oocyte was visible, and the crosssectional area was traced and measured (D). Results shown are means of three experiments 6 SEM, and significance was inferred by one-way ANOVA or t-test if P , 0.05.
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Snf2l Ex6DEL Mice Have Abnormal Levels of E2 and P4 and Treatment with DES Restores Secondary Follicle Growth
To investigate whether serum levels of sex steroids were affected in the Snf2l Ex6DEL mice, E2 and P4 concentrations were measured in the sera of superovulated mice by RIA. In mice treated with eCG alone, both WT and Snf2l Ex6DEL mice had equivalent levels of estradiol; however, following treatment with hCG, the estradiol concentration decreased significantly faster in the Ex6DEL mice (Fig. 4A) . Conversely, hCG is known to increase the production of progesterone by luteal cells, whose concentration stabilizes by 48 h [18] . Interestingly, the serum progesterone concentration was significantly higher in Snf2l Ex6DEL mice at the 48-h time point (Fig. 4B) . Finally, treatment of eCG-primed mice in combination with the strongly estrogenic compound DES was sufficient to recruit equivalent numbers of secondary follicles (Fig. 4C ) of similar sizes from both WT and Ex6DEL mice PÉ PIN ET AL.
( Fig. 4D) , indicating that DES can rescue the secondary follicle growth deficit.
Identification of hCG-Responsive Genes That Are Dependent on SNF2L
To better understand the role of SNF2L in granulosa cells at the time of the luteinizing hormone (LH) surge, a microarray screen was devised to specifically look for genes whose expression changed in response to hCG treatment in a SNF2L-dependent fashion (Fig. 5A ). The 4-h post-hCG time point was chosen to enrich for genes that were directly induced by LH and because it coincides with the induction of Snf2l [6] . When comparing gene expression in granulosa cells of Snf2l Ex6DEL and WT mice treated with eCG for 48 h (see Supplemental  Table S1 , available online at www.biolreprod.org), or eCG for 48 h followed by hCG for 4 h (Supplemental Table S2 ), we found genes significantly altered in the Ex6DEL granulosa cells. The five genes with the greatest fold change, both increase and decrease, are shown as examples in Supplemental  Tables S1 and S2 , and the full list of genes can be found in the GEO database (series GSE42997). By further contrasting gene expression between the 0-and 4-h hCG treatment time points, we found that the expression of 232 genes was significantly changed in both the WT and Ex6DEL granulosa cells (Fig.  5B) . However, of more interest were the 85 genes whose expression significantly changed in WT animals but not in Snf2l Ex6DEL mice, following treatment with hCG (Fig. 5B) . Within that group of genes, there were several GO terms that were significantly overrepresented, such as developmental process (n ¼ 16; P , 0.003), anatomical structure development (n ¼ 12; P , 0.042), negative regulation of cell growth (n ¼ 2; P , 0.042), cellular developmental process (n ¼ 11; P , 0.042), and cell differentiation (n ¼ 11; P , 0.042). The most differentially expressed genes are listed in Table 1 .
SNF2L Regulates Expression of Fgl2 and Is Found in a
Complex with the Nuclear Receptor Co-Activator FLI-I Fgl2 was one of the targets identified by microarray analysis whose induction was completely abrogated in the Snf2l Ex6DEL mice, as confirmed by Q-PCR (Fig. 5C) . We chose to further investigate Fgl2 given its previously identified role in reproduction [19, 20] . FGL2 protein levels were found to be lower in Snf2l Ex6DEL granulosa cells 8 h after treatment with hCG (Fig. 5D) . Additionally, when the SIGC rat granulosa cell line was transfected with a construct driving the expression of Snf2l, it was sufficient to induce the expression of Fgl2, which was further increased by treatment with progesterone (Fig. 5E) . Finally, having previously reported that SNF2L physically interacts with progesterone receptor-A (PRA) [6] , we sought to identify other binding partners that might play a role in the regulation of SNF2L targets. Immunoprecipitation using FLAG antibodies led to the enrichment of several protein bands from the SIGC-SNF2L cells (Supplemental Fig. S1 ), which were identified by mass spectrometry ( Table 2 ). Many of the identified components are known to interact with chromatin remodeling complexes (NCL, LRPPRC, PRMT5, FLI-I) [21- 24] . Of particular interest is the nuclear receptor co-activator FLI-I, which has been shown to regulate estrogen receptor (ER) a-dependent genes [24] and whose association with SNF2L was validated by immunoprecipitation (Fig. 5F ).
DISCUSSION
In mammals there exist two ISWI homologs, namely SNF2H and SNF2L, whose expression profile suggests nonoverlapping functions [2] . More precisely, SNF2H appears to be ubiquitously expressed and involved in a variety of essential structural functions as shown by the early embryonic lethality of the knockout mice [3] . Conversely, SNF2L expression appears to be restricted mainly to reproductive tissues and brain [2] , where it may function as a master regulator of gene expression [4, 6] . The most definitive approach to investigating the role of SNF2L in those tissues is the characterization of the mutant mouse. In contrast to the Snf2h knockout mouse, ablation of SNF2L activity does not affect survival, thus demonstrating it is not an essential gene [5] . The brain phenotype of the Snf2l Ex6DEL mutant is subtle and affects the proliferation and differentiation of neurons in the forebrain cortical layers but does not lead to behavioral changes [5] . Similarly, we observed abnormalities in follicle maturation, particularly at the primary and secondary stages and during the periovulatory period, which translates into a poor response to superovulation; however, fertility is not impaired. Treatment of mice with estrogenic compounds such as DES is sufficient to rescue secondary follicle numbers in the Snf2l Ex6DEL mice, although it is unlikely that a blockage in the transition from primary to secondary follicles limits superovulation rate, because antral follicle numbers were normal in eCG-treated Ex6DEL mice. Likely the reduced superovulatory yield is the consequence of the abnormal development of a portion of the antral follicles, as shown by the oocytes left behind after ovulation within those structures. We also observed a significantly increased number of atretic antral follicles that had an underdeveloped granulosa cell layer. These follicles were smaller and had a reduced amount of mural granulosa cells, no cumulus cells, and a degenerated oocyte. It is unclear at this point what the mechanism of the increased antral follicle atresia may be; however, this phenotype resembles the atresia observed in both androgen- [25] and estrogen receptor-deficient mice [26, 27] , the latter of which is also accompanied by reduced superovulation. Furthermore, defects in the rupture of antral follicles is a common phenotype of the various steroid receptor knockout transgenics [28, 29] , and particularly that of the PRA or its targets Adamts1 and Ctsl [30] . Taken together, these data suggest that granulosa cell proliferation may be partially impaired in mutant animals, leading to fewer primary follicles maturing into secondary follicles, and the possibility that the differentiation of granulosa cells into cumulus and mural subtypes may be dysregulated in a subset of antral follicles, leading to increased antral follicle atresia and a reduced superovulatory yield, which may all be manifestations of reduced steroid receptor functions.
Sex steroids play an integral part in the regulation of the growth, survival, and maturation of follicles, as underscored by the severity of the ovarian phenotypes of the various steroid receptor knockout mice [28] [29] [30] . E2 is produced by growing follicles, while P4 secretions coincide with ovulation and increase significantly in the terminally differentiated corpus luteum following ovulation [7] . Interestingly, Snf2l mutant mice exhibited higher levels of P4 following treatment with eCG and lower levels of E2 following treatment with hCG, suggesting the imbalance in sex steroids may mirror a dysregulation in the proliferation and differentiation programs of granulosa cells. Supplementation of DES to eCG-stimulated mice increased the amount of secondary follicles equally in both WT and Ex6DEL mice, suggesting they are still able to respond to the estrogenic signal and proliferate.
We have previously reported that SNF2L physically interacts with PRA [6] , but it remains unclear which genes may be regulated in that manner. This study identified many potential candidates and focused on FGL2 as a proof-ofprinciple, as this tissue prothrombinase is implicated in fertility, particularly in abortion pathology of the maternal decidua and fetal trophoblast [19] . Remarkably, the presence of the Fgl2 transcript has also been reported in the rat ovary [20] , and its expression in primary mouse granulosa cells is dependent on PRA [31] . It is therefore tempting to speculate that PRA and SNF2L act in concert to regulate the expression of Fgl2. In agreement with this hypothesis, the overexpression of SNF2L in the SIGC granulosa cell line is sufficient to induce the expression of Fgl2, particularly in the presence of P4. It remains uncertain how the dysregulation of Fgl2 may contribute to the phenotype observed in the Snf2l Ex6DEL ovaries, and further studies will be needed to decipher its role, particularly in the tissue remodeling of antral follicles.
Very few complexes containing SNF2L have been identified to date, namely NURF [32] , and CERF [33] , and neither has been reported to be present in ovaries. It was therefore of interest to identify which complex components might be present in granulosa cells, which was accomplished by combining immunoprecipitation with mass spectrometry. Surprisingly, no core component of either known complex was identified in this manner. However, one candidate identified by mass spectrometry was further investigated as a proof of principle: FLI-I is a nuclear receptor co-activator that has been shown to mediate the interaction between SWI/ SNF complexes and ERa to activate estrogen-responsive genes [24] . The latter binding partner is of particular interest given the known interaction between SNF2L and PRA and was subsequently validated by immunoprecipitation. Remarkably, both the SNF2L [6] and FLI-I [24] proteins contain LxxLL motifs, which facilitate their interaction with nuclear receptors such as PRA [34] . Further research is needed to delineate the precise nature of the interaction with FLI-I and whether this complex is responsible for the regulation of genes such as Fgl2.
Taken together, these results suggest that SNF2L plays a role in reproduction by coordinating the expression of genes such as Fgl2 in granulosa cells. Furthermore, a better understanding of the role of SNF2L in superovulation may open up diagnostic or therapeutic avenues for the common clinical problem of poor response to gonadotropins in fertility patients [35, 36] . Poor response to superovulation is a major hurdle in the treatment of infertility in women by in vitro fertilization (IVF) and affects between 9% and 24% of patients [37] . While many epidemiological studies have identified contributing factors such as age, basal gonadotropin levels, and basal sex steroid levels, they cumulatively have only small predictive value for the response rate [37] . The superovulation phenotype observed in Snf2l Ex6DEL mice suggests that SNF2L may play a role in human fertility, and that future studies should focus on evaluating SNF2L as a prognostic indicator for IVF success and should screen refractory patients for genetic alterations at the Snf2l locus. This is especially true in cases of familial subfertility, since its genic region (Xq25) has previously been associated with premature ovarian failure [38] .
